IMPORTANCE Posttraumatic stress disorder (PTSD) has been associated with increased mortality, primarily in studies of veterans. The World Trade Center Health Registry (Registry) provides a unique opportunity to study the association between PTSD and mortality among a population exposed to the World Trade Center attacks in New York, New York, on September 11, 2001 (9/11).
Introduction
Posttraumatic stress disorder (PTSD), a life-changing mental health condition, occurs due to exposure to traumatic events, such as natural or human-made disasters, war, or violence.
Posttraumatic stress disorder symptoms may persist long after the incident traumatic event, 1,2 and wide-ranging, long-term effects of PTSD on morbidity have been described. [3] [4] [5] [6] [7] [8] [9] Evidence for the association between PTSD and mortality comes primarily from veterans studies, with PTSD assessed at 1 time point. Excess mortality in the 30 years following the Vietnam War was first described among Vietnam service veterans. 10 Subsequent studies in this population and others supported the initial findings: PTSD increased the risk of all-cause, cardiovascular, and external-cause mortality. [11] [12] [13] [14] Among those exposed to the World Trade Center (WTC) attacks in New York, New York, on (9/11), the estimated prevalence of probable PTSD ranges from 3.8% to 29.6%, depending on the population. 15 In a recent mortality study among enrollees of the WTC Health Registry (Registry), standardized mortality ratios for suicide were significantly elevated among responders vs the reference population. 16 In previous mortality studies among Registry enrollees, inconclusive findings on the association between exposure to 9/11 and mortality were observed, 16, 17 potentially owing to insufficient follow-up time.
The Registry tracks long-term physical and mental health consequences among a large, diverse cohort of responders and civilians exposed to 9/11 and its aftermath. 18 Although overall mortality among Registry enrollees is lower compared with the general population, potentially increased cause-specific mortality 16, 17 is a concern among this population, particularly in relation to PTSD. [19] [20] [21] The present study has 2 aims: to assess whether 9/11-related PTSD measured repeatedly over the life course of enrollees following exposure is associated with an increased risk of mortality (all-cause, cardiovascular, and external-cause) over the follow-up period; and in order to compare with existing literature, to assess the association of 9/11-related PTSD measured 2 to 3 years after exposure and subsequent risk of mortality.
Methods

Data Source
More than 71 000 individuals who met the Registry inclusion criteria participated in the [2003] [2004] baseline interview (wave 1 [W1]) with sections on demographic characteristics, WTC disaster exposure, and health information as described elsewhere. 18, 22 Approximately 17% coverage of the estimated eligible exposed population, including rescue and recovery workers and volunteers, Lower Manhattan residents, area workers, passersby, and students and school staff from the catchment area were enrolled. 18 Of all enrollees, 30% were identified and enrolled through lists provided by employers, government agencies, and other entities (list-identified), and 70% responded to an outreach campaign (self-identified). To date, three follow-up surveys have been administered, wave at W3, and 53.8% at W4. 23, 24 The reporting of this study followed the Strengthening the Reporting of 
Statistical Analysis
Pearson χ 2 tests were used to assess differences in the study sample by baseline PTSD. To assess whether those with PTSD were at an increased risk for mortality (all-cause, cardiovascular, and external-cause mortality), adjusted hazard ratios (AHRs) and 95% CIs were calculated through Cox proportional hazards regression, using time on study as the time scale. All deaths, regardless of cause, were considered in the all-cause mortality models. For cause-specific models, only deaths from the underlying cause of interest were considered; if an enrollee died of another cause, they contributed person-time from enrollment until their date of death, at which point they were censored, assuming independent censoring. 30 In addition, given known differences in morbidity and mortality risk, all multivariable analyses were calculated overall and stratified by enrollee group. 18, 31, 32 To assess the time course of PTSD, we performed aim 1 analysis in a full sample of 63 666, using extended Cox proportional hazards models. 30 An extended Cox model conducts a separate Cox analysis for each time window using the specific value of the time-dependent variable (PTSD) at the beginning of that time window. 33 Then, the extended Cox proportional hazards model calculates a proportionately weighted mean of all time window-specific results, resulting in a single AHR estimate for PTSD. 30, 33, 34 Person-years were calculated from the date of enrollment until the earliest of the date of death, loss to follow-up, or end of follow-up (December 31, 2016). Loss to follow-up was defined by missing a study wave and not returning to complete any subsequent wave (last date of wave response period was used as exit date). To further understand the association between PTSD and suicide, a subanalysis of both external mortality aims was repeated, limiting to deaths due to suicide. Asian race was collapsed to a multiracial, other, or unknown group owing to small cell sizes.
We assessed the functional form of age with cumulative martingale residual plots. The proportional hazards assumption was tested using time interaction terms for all covariates with the natural log of time, generated in an extended Cox model. When the proportional hazards assumption was violated, the product term with time was included. Statistical analyses were performed from December 4, 2018, to May 20, 2019, using SAS, version 9.4 (SAS Institute Inc). Significance was set at a 2-sided P < .05.
Sensitivity Analysis
Deaths occurring within the first 2 years of follow-up may be unrelated to PTSD, which may have a delay between onset and effect and mortality. 14, 35, 36 The latency period of PTSD's influence on mortality is unknown and may have wide variation. To explore possible delayed or increased association of PTSD on deaths occurring later in the follow-up period, we lagged our follow-up start time by 2 years (excluded deaths and all person-years in first 2 years) and repeated aim 1 analyses (sensitivity 1). 37 To address missing data for income at W1 (10.5% missing) and missing or incomplete PCL-S at all 4 waves (3%-7% missing), aim 1 analysis was repeated using multiply imputed data (sensitivity 2). Wave 1 income and W1 to W4 PCL-S scores were imputed through fully conditional specification methods using SAS MI procedure (n = 10 with 100 burn iterations; income fully conditional specification logistic, PCL-S: fully conditional specification regression). 38 Imputation models included primary analysis variables (including vital status) and auxiliary variables. The PCL-S 
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Aim 1: Time-Varying PTSD and Mortality
Time-varying PTSD and mortality outcomes among all enrollees are reported in 
Aim 2: Baseline PTSD and Mortality
Responders with baseline PTSD had a 63% higher risk of all-cause mortality (AHR, 1.63; 95% CI, 1.36-1.95) and a 2-fold increase in the risk of cardiovascular mortality (AHR, 2.02; 95% CI, 1.39-2.93), while those with baseline PTSD were not at increased risk of external-cause mortality (AHR, 1.24; 95% CI, 0.75-2.05) ( Table 3) . Civilians with baseline PTSD had a 38% higher risk for all-cause mortality (AHR, Figure) . 
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Discussion
We found that 9/11-related PTSD appears to be associated with an increased risk of all-cause, cardiovascular, and external-cause mortality in this diverse 9/11-exposed population, based on examined. Time-varying PTSD appeared to be associated with increased hazard ratios for mortality across all 3 mortality outcomes in the overall sample, while the magnitude of the association varied when stratified by enrollee group. Our findings suggest the importance of considering changes in PTSD symptoms over time when studying mortality risk factors.
To our knowledge, this study is one of the first to contrast repeated measures of PTSD with a baseline assessment; therefore, the time-varying results are difficult to compare with existing literature. Data that suggest an association between PTSD and mortality come primarily from US studies on veterans, [11] [12] [13] [39] [40] [41] [42] [43] [44] with limited studies in other populations. [45] [46] [47] Our baseline results are broadly consistent with this literature, which observed an association between baseline PTSD and all-cause, 11,45,46,48 cardiovascular, 11,13,39 and external-cause 12, 46, 47 mortality. These findings build on previous Registry studies in which PTSD was identified as a risk factor for stroke and a modest association with cerebrovascular disease hospitalization was observed. 19, 21 Our results were inconsistent with those of 2 studies in veteran populations of all-cause mortality 40, 42 and 1 study of cardiovascular mortality, 43 which found that PTSD and mortality were not statistically significantly associated, with a point estimate near 1.0 after adjusting for comorbidities. Notable differences between these studies may explain the disparate findings,
including handling of comorbidities, study design, and study population characteristics. Comorbid depression and PTSD are highly prevalent in the Registry enrollees 49 ; postenrollment depression and comorbid health conditions may be on the PTSD-mortality causal pathway and therefore were not controlled for in this study.
Among responders, a heterogeneous population of individuals from unaffiliated sources (eg, volunteers) and affiliated organizations (eg, firefighters, law enforcement), 18 baseline PTSD was Outcomes are shown for all-cause mortality (A), cardiovascular mortality (B), and external-cause mortality (C). Data were adjusted for age; sex; marital status; race/ethnicity; socioeconomic status; smoking; pre-9/11 history of depression, anxiety, or emotional problems; health conditions at enrollment; and source of enrollment. AHR indicates adjusted hazard ratio; S1-LAG, sensitivity 1: lagged mortality (2005-2016); S2-MI, sensitivity 2: multiple imputed PTSD Checklist scores at waves 1 to 4, and income at wave 1. Error bars indicate 95% CI. significantly associated with increased risk of all-cause and cardiovascular mortality, but not externalcause mortality. Conversely, time-varying PTSD was significantly associated with all 3 causes of death and the AHR was considerably higher for external-cause mortality. For cardiovascular mortality, these findings build on a recent study among male firefighters, which observed an increased long-term risk of cardiovascular disease. 50 Although the investigators did not observe PTSD to be a risk factor, they controlled for intermediate conditions between PTSD and cardiovascular disease, and our group of responders was more diverse, including women. It is possible that the unaffiliated responders included in our sample may contribute a different risk profile, and the availability of postdisaster programs to responders, such as routine health screenings, were varied by organization. 51, 52 Additional studies are needed to explore the potential differences among responders, including evaluating and quantifying the contribution of the various health promotion efforts available to specific organizations.
Examination of time-varying PTSD among civilians showed that all 3 mortality outcomes were statistically significant. The cardiovascular mortality risk was 72% higher among civilians with PTSD.
For baseline PTSD among civilians, the cardiovascular mortality AHR was not statistically significant.
This finding may suggest that the risk for cardiovascular mortality increases with persistent PTSD.
Despite differences in demographic characteristics, 18 prevalence of comorbidities, 53 and access to monitoring programs 54 between responders and civilians, a similar mortality risk attributed to PTSD was observed. Although previous literature has demonstrated an association between PTSD and morbidity among civilians, 5, 55, 56 to our knowledge, the present study is among the first to demonstrate increased mortality risk among civilians with PTSD. 46 Multiple mechanisms for the path from PTSD to cardiovascular mortality have been proposed.
Potentially modifiable behaviors that are associated with PTSD 4,57 are considered independent risk factors for mortality 58 and cardiovascular outcomes. 57, 59 Behavioral factors may mediate the PTSDcardiovascular pathway. Because this association is not fully attenuated in adjusted models, 60 there may be additional mechanisms. 6, 56 In addition to behavioral perspective, biological mechanisms have been described, 4, 6 including elevated basal heart rate, which is a strong independent predictor for cardiovascular-related mortality. 61 Increased cardiovascular demand is described as one plausible physiologic mechanism for the PTSD-cardiovascular disease association, 4 where long-term increased demand results in systemic inflammation 4, 62, 63 and contributes to atherosclerosis through endothelial dysfunction. 4 Other plausible mechanisms include cellular dysfunction and neuroendocrine activation, which may arise in response to the psychological symptoms of PTSD. 62, 64 Health behaviors 4,6,62 may confound or mediate the PTSD-cardiovascular disease association, although previous studies suggest that PTSD is an independent risk factor for cardiovascular mortality through a biological demand-capacity framework. [4] [5] [6] 61, 62, 64 Despite the increase in suicide rates between 1999 and 2016 in the United States, 65 death due to suicide is rare, making it difficult to study. Nevertheless, an increased risk of suicide has been reported. 47 Posttraumatic stress disorder is associated with suicidal thoughts, tendencies, and attempts, [66] [67] [68] as well as external-cause mortality, 11, 12 which captures suicide in addition to broader unnatural causes of death, such as accidents. Previous Registry literature found that comorbid depression with PTSD was highly prevalent 49, 69 ; comorbid depression significantly increases the odds of suicide 47 This study has important public health implications. It suggests a PTSD-mortality association outside of veterans. In addition, accounting for repeated measurements of PTSD showed an apparently increased risk of all-cause, cardiovascular, and external-cause mortality comparable in responders and civilians. Improvements in the identification of those at risk of developing PTSD following a traumatic experience and long-term follow-up of those with PTSD may help to mitigate this risk. Main strengths of this study are the large sample, longitudinal data, and inclusion of exposed civilians. 
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Limitations
The study has limitations. The 2 aims of our study required different exposure definitions, resulting in contrasting limitations. First, differential loss to follow-up is always a concern in longitudinal studies. Implications of intermittent W1 to W3 survey response have been described in detail. 23 Briefly, enrollees with intermittent response patterns were more likely to experience PTSD than those who had completed all study waves. 23 This attrition may introduce bias into our findings.
However, using a time-varying approach allows participants to miss a study wave but contribute in later waves, potentially minimizing this bias. Because individuals with PTSD are less likely to remain in the study over time 23, 70 and our calculation of person-years in aim 1 excludes deaths that occurred after loss to follow-up, it is more likely that our results are biased toward the null, underestimating the PTSD and mortality association. In addition, we examined PCL-S item nonresponse using multiple imputed data. Sensitivity analysis results were similar to those of the primary analysis, suggesting that bias related to PCL-S item nonresponse over time was minimal.
Second, owing to the nature of our study design, it is possible that some enrollees who experienced PTSD immediately following the WTC disaster recovered before our first PTSD assessment 2 years after the attacks. In baseline PTSD analyses, enrollees with recovered PTSD would be considered as unexposed. This misclassification would likely bias our results toward the null.
Third, PTSD in this study was assessed through self-reported symptoms reflected in the PCL-S and not a clinical diagnosis. This approach is widely used and the PCL-S has been shown to correlate highly with clinician-administered measures. 27 This study used a PCL-S score of 50 or higher to increase the specificity in defining the PTSD population, which may minimize potential bias.
Symptoms of PTSD were queried specifically to the 9/11 event, which may limit the generalizability of our findings to populations exposed to different traumas. However, our goal was not to differentiate between the various causes of PTSD, but rather between the downstream consequences of PTSD, regardless of the underlying trauma history.
Fourth, in the cause-specific analysis, deaths due to other causes were treated as censored at the time of the death. This categorization assumes that the competing risks of mortality were independent, which is not testable. Common risk factors were included in all survival models in this study, which may remove the mutual effect on the competing risks. This study focused on the association between PTSD and mortality and was not intended to estimate prevalence; therefore, the cause-specific hazard model assuming independent censoring is appropriate. 71
Conclusions
The findings appear to support the existing literature, demonstrating a significant association between 9/11-related PTSD and mortality in a diverse population. Mortality risk appears to be similar in both responders and civilians, regardless of differences that exist between these groups, supporting the dynamic association between PTSD and mortality risk. Our findings suggest that it is critical to sustain long-term efforts to identify and treat those at risk of developing PTSD following a traumatic experience.
